Background During trans-sphenoidal microsurgical resection of pituitary adenomas, the extent of resection may be difficult to assess, especially when extensive suprasellar and parasellar growth has occurred. In this prospective study, we investigated whether intra-operative magnetic resonance imaging (iMRI) can facilitate tumour resection. Methods Twenty patients with macroadenomas, (16 nonfunctioning, three growth-hormone secreting and one pharmaco-resistant prolactinoma) were selected for surgery in the iMRI. The mean tumour diameter was 27 mm (range 11-41). The mean parasellar grade, according to the Knosp classification, was 2.3. Pre-operative coronal and sagittal T1-weighted and T2-weighted images were obtained. The trans-sphenoidal tumour resection was performed at the edge of the tunnel of a Signa SP 0.5-Tesla MRI. The surgeon aimed at a radical tumour resection that was followed by a peri-operative MRI scan. When a residual tumour was visualised and deemed resectable, an extended resection was performed, followed by another MRI scan. This procedure was repeated until the imaging results were satisfactory. In all patients, we were able to obtain images to assess the extent of resection and to classify the resection as either total or subtotal. Results After primary resection, eight out of 20 cases were classified as total resections. A second resection was performed in 11 of 12 cases classified as subtotal resections, and in four of these, total resection was achieved. A third resection was performed in three of the remaining seven cases with subtotal resections, but we did not achieve total resection in any of these cases. Therefore, the use of iMRI increased the number of patients with total resection from 8/20 (40%) to 12/20 (60%). The only observed complication was a transient spinal fluid leakage. Conclusion Intra-operative MRI during trans-sphenoidal microsurgery is useful in selected patients for a safe and more complete resection.
Introduction
Approximately 95% of pituitary adenomas that require surgery can be approached through the trans-sphenoidal approach, whereas other tumours need a transcranial approach. The trans-sphenoidal approach is a minimally invasive, microsurgical approach that provides good access to the sella and the clivus; however, it has the limitation of no direct visualisation of the suprasellar and parasellar regions. After surgery for hormone-producing tumours, the hormonal activity levels act as a marker of the amount of remnant tumour. The remission rate for hormone-producing macroadenomas ranges from 40% to 56% in large series [20] , indicating that a large portion of patients harbour tumour remnants. In non-functioning tumours, the extent of removal of the tumour is more difficult to assess. Early post-operative magnetic resonance imaging (MRI) are difficult to interpret due to post-operative changes in the limited operative field [11] . Published series on nonfunctioning pituitary adenomas show that radical tumour removal is achieved in 28-70% of patients [2, 8, 11, 21] , depending on tumour size and invasiveness. Therefore, there is clearly a need for better visualisation and tools to improve the removal of tumours during trans-sphenoidal surgery.
Various visualisation modalities have been implemented to increase the degree of resection in trans-sphenoidal surgery, but sagittal fluoroscopy has been the only standard imaging during surgery in most departments. This type of imaging shows the position of the speculum and the instruments in relation to the bony landmarks. The infusion of air from a cervical puncture gives additional information during the visualisation of the diaphragm of the sella and may facilitate the descendens of the suprasellar portion of the tumour [13] . The use of transcranial ultrasound-guided trans-sphenoidal surgery has been reported, but it has not yet gained widespread acceptance [17, 19] . The most promising new method to facilitate the resection of pituitary adenomas is the use of an endoscope [9] . One of the first applications of intra-operative MRI (iMRI) was its use during trans-sphenoidal surgery [18] . Nevertheless, there are few publications focusing solely on the results of MRIguided trans-sphenoidal surgery in pituitary adenomas [3, 4, 6, 7, 12, 14, 16, 22] .
Although the trans-sphenoidal approach is a minimally invasive, microsurgical approach, several complications are associated with this procedure. For example, injury to the carotid arteries is the most feared complication, and postoperative cerebrospinal fluid (CSF) leakage is the most frequent. The mortality rate of these patients is thought to be approximately 1%, severe morbidity is thought to occur in 3-4%, and lesser morbidity is observed in 4-5% of the patients [20] .
The aim of the present study was to evaluate whether the use of iMRI improves tumour resection in trans-sphenoidal surgery for pituitary adenomas.
Methods and materials
Twenty patients with macroadenomas were selected for surgery with iMRI on the assumption that peri-operative imaging would be helpful during the procedure. Table 1 shows the patient characteristics. Of the 20 patients included in this study, five had been operated on previously using the trans-sphenoidal approach. Sixteen of the tumours were non-functioning adenomas, three secreted growth hormone, and one was a pharmaco-resistant prolactinoma. The maximum tumour diameter varied between 11 and 41 mm (mean 27 mm). The Knosp classification of parasellar extension was used [10] . Three tumours were classified as Knosp grade 0, one grade 1, seven grade 2, five grade 3 and four grade 4.
After anaesthesia was introduced (propofol and remiphentanyl) and proper monitoring established, the operating table was docked to the Signa SP 0.5-Tesla MRI. Coronal and sagittal T1-weighted and T2-weighted images without gadolinium were obtained before the start of surgery. Surgery was performed with the patient in the supine position with the head slightly elevated at the edge of the MRI tunnel (Fig. 1) . All instruments were MRI-compatible, and the nasal speculum was designed to produce minimal artefacts during imaging (AEsculap, Tuttlingen, Germany). An MRI-compatible microscope with a video camera was used, and the operative images were transferred to monitors located in the operating theatre and in the MRI control room (Møller-Wedel, Hamburg, Germany). The endonasal trans-septal approach was used for the primary surgery, and the direct endonasal approach was used for the re-operations. The surgery was performed in a similar manner as that performed in the ordinary operating theatre. When the surgeon decided that the surgery was complete, an MRI scan was performed with the speculum in place, and the resection cavity was filled with saline. Careful haemostasis was performed prior to imaging, and T1-weighted and T2-weighted images in the coronal and sagittal planes without contrast were obtained. Figure 2 shows examples of the pre-operative, peri-operative and post-operative images.
The iMRI scanning time was 3 min and 30 s per series performed. The pre-operative and intra-operative scans consisting of T1-coronal, T1-sagittal, T2-coronal and T2-sagittal, lasted approximately 14 min. After the completion of the surgery, we added T1-coronal and T1-sagittal series with contrast, so that the post-operative scan-time was 21 min. In addition to the time consumption of the scans, we needed approximately 3 min for transportation in and out of the scanner. Thus, in a typical case with one re-exploration, the use of iMRI added approximately 60 min of operating time.
If a surgically resectable tumour was observed in the peri-operative images, an extended resection was performed, followed by a new imaging sequence. If no further tumour was recognised, or if the remnant was deemed not to be surgically accessible, a final MRI scan with coronal and sagittal T1 images with gadolinium was performed as a post-operative control. When these images were evaluated as having no remnant tumour, the speculum was removed, the floor of the sella was closed with a dura substitute and All patients were seen for a 3-month follow-up at the Endocrinology Department. The evaluation included an assessment of post-operative pituitary function, an ophthalmologic examination, and a MRI scan. The pituitary function was assessed by tests for basal hormone values, 24-h urinary free cortisol and insulin tolerance. All MRI scans were evaluated by the two participating neuroradiologists. The coronal and sagittal T1, T2 and T1 with gadolinium scans that were performed after the completion of surgery were evaluated and graded as either showing tumour remnant or showing radical removal.
Results
In all patients, images were obtained that could be used to assess the extent of resection. No re-exploration was performed in nine of the 20 patients. One re-exploration was performed in eight patients, and two re-explorations were performed in three patients (Table 1) . In all 11 patients where re-exploration was performed, the procedure resulted in the removal of additional tumour.
Extent of tumour resection
Using the MRI results from the 3-month follow-up as the outcome measurement regarding the extent of resection, 12 out of the 20 patients were free of tumour remnants (60%). In Fig. 1 The surgical set-up with the patient in the supine position. The patient's head was slightly elevated and rotated and was positioned just outside the MRI scanner. All the instruments were MRIcompatible, including the microscope. During imaging, the speculum was left in place, the resection cavity was filled with saline, and the patient was moved approximately 50 cm into the scanning position 18 of the 20 patients, the extent of resection was similar when evaluated immediately post-operatively and at 3 months postoperatively. In two patients, a suspected remnant was observed in the post-operative scans, whereas at the 3-month follow-up, no tumour remnant was visible. Radical surgery was achieved in 12 patients: without re-exploration in eight, and with one re-exploration in the remaining four. We did not achieve radical surgery in any of the patients who underwent two re-explorations ( Table 1 ). The mean tumour diameter in the group with total resection was 22 mm, compared with 33 mm in patients with tumour remnants. The mean Knosp grade in the patients with radical surgery was 1.75, and the mean grade was 3.13 in the group with tumour remnants. In all patients without parasellar extension (grade 0 or 1), we were able to extirpate the tumour. We achieved extirpation in 57% of the grade 2 patients, in 80% of the grade 3 patients, and in none of the grade 4 patients ( Table 2) .
In eight patients (40%), the tumour was removed completely without re-exploration. With radical surgery at 3 months follow-up as the goal of the treatment, we found that the risk of a false-positive result was 10% (two out of 20) and that there was no risk of a false-negative result.
Endocrinology Pre-operatively, ten patients had normal pituitary hormonal activity, seven patients had deficits in one or more of the pituitary hormonal axes (including the patient with prolactinoma), and three patients had growth-hormone hypersecretion (pituitary acromegaly). Eight of the ten patients with normal pituitary function pre-operatively retained normal pituitary function after surgery. One patient developed a growth-hormone deficiency, and one patient developed growth hormone and ACTH deficiencies. Of the seven patients with pre-operative hormonal dysfunction, three had normalised pituitary hormonal secretion at 3 months follow-up, whereas four had persistent pituitary hormonal dysfunction. Two of the three patients with growthhormone hypersecretion caused by a macroadenoma were cured after trans-sphenoidal surgery, and both of these patients had total resection on MRI evaluation. One patient with acromegaly and subtotal resection exhibited growthhormone hypersecretion after surgery.
Ophthalmology
Fourteen of the patients in this study had visual field deficits prior to surgery. The visual field deficits improved in 12 of these patients after surgery (86%), and two of the patients had unchanged visual fields at 3 months follow-up. Five patients had reduced visual acuity before surgery, and all of the patients had improved visual acuity at 3 months follow-up.
Complications
No haematomas and no infections were encountered in these patients. One patient had a post-operative CSF leak that resolved after 4 days of treatment with lumbar drainage.
Discussion
Since iMRI was introduced more than 15 years ago, many scanners and surgical techniques have been developed [1] . Most of the scanner configurations that have been described require transportation of either the patient or the scanner, which is time-consuming, labour-intensive, and makes it difficult to maintain sterility and anaesthesia. The Signa SP/ i 0.5-Tesla scanner that was used in this study was installed at our institution in 1996 and has been used mainly for biopsies and glioma surgeries. The 'double-doughnut' configuration of this scanner is designed to make it possible to operate inside the imaging field. The disadvantages of this scanner are its relatively low field strength of 0.5 Tesla and the requirement for non-magnetic instruments and microscopes. We have developed a system in which we operate just outside the MRI tunnel and slide the patient approximately 50 cm into the scanning position. We wanted to investigate the feasibility, safety and usefulness of this system during trans-sphenoidal surgery.
High-quality images were obtained in all patients, at the expected quality of the 0.5-Tesla field strength for the T1 and T2 sequences. Fahlbusch et al. [6] reported that the evaluation of the intra-operative images was obscured by an artefact in 13 of 44 patients (30%) due to metal debris from drilling or from blood in the cavity. We used a scissile to open the sella instead of a high-speed drill during surgery in the open MRI. The intra-operative imaging was performed without any closing of the sella and without any marker, like wax or cotton pledges, in the resection cavity. After thorough haemostasis, we filled the resection cavity and the speculum with isotonic saline. Remnant tumours and capsule membranes were visualised on T2 images as areas of low signal intensity between the high signal intensity in the basal cisterns and the fluid-filled resection cavity. We achieved primary radical surgery in 40% of the patients (eight out of 20), which correlates well with other published data reporting primary radical surgery in 27% [6] and 34% of patients [3] . Nevertheless, these figures cannot be compared directly because of the heterogeneity of the groups. In addition, we have shown that complete resection is more easily achieved in smaller tumours that have little to no parasellar extension.
The use of iMRI increased the percentage of patients that received radical surgery from 40% to 60%. The patients that were included in this study were selected on the assumption that intra-operative imaging would aid in complete resection during surgery, especially for the instances in which the tumours had a parasellar or suprasellar extension, which predicted that parts of the tumour would not be directly visualised by the microscope in the operating field. If we had selected tumours that were located more in the centre of the sella, we would probably have achieved a higher percentage of patients with total resection; however, intra-operative imaging would have likely been less useful in these circumstances. When comparing the results from studies of trans-sphenoidal surgery, it is necessary to note the size of the tumours and the degree of parasellar extension.
Eight of ten patients exhibited normal pituitary hormonal activity after surgery (80%).
In the small subgroup of patients with growth-hormoneproducing tumours (three patients), there was a 100% correlation between the intra-operative imaging results and the post-operative hormonal status. Two patients had no residual tumour, and they both exhibited a biochemical cure. The third patient, who had been operated on earlier and had a parasellar extension of the tumour (Knosp grade 4), had a tumour remnant on intra-operative imaging and showed growth-hormone hypersecretion at 3 months follow-up. Other publications have failed to show a similar correlation in acromegalic patients [7] .
The design of this study was based on the presumption that the surgeon has performed as complete a resection of the tumour as possible before the iMRI scans are performed. Nevertheless, it is possible that the surgeon was more conservative during resection because an iMRI was available. The assumption that an iMRI leads to a more complete resection can thus be a self-fulfilling prophecy. The only way to avoid this bias is to design a study in which the tumours are randomised to either standard microsurgical trans-sphenoidal surgery or to trans-sphenoidal surgery with iMRI and to ensure that the groups are comparable in regard to tumour size and the degree of parasellar extension.
During treatment of hormone-producing tumours, it is important to strive for radicality in resection and to thereby cure the patient of a devastating disease. When treating non-producing tumours, however, a complete resection may not be as important. Striving for radicality in the resection increases the risk of complications during surgery, including post-operative CSF leakage, new endocrinologic deficits and haemorrhage. We reviewed the outcomes of pituitary surgeries in patients older than 70 years in our department and found that they had excellent outcomes on both mortality and performance scales, even though many of these patients had remnant tumours [15] .
Traditionally, the usefulness of early MRI validation of trans-sphenoidal surgery has been questioned due to difficulty in interpreting the images. Precluding factors in this procedure can include the material used to close the sella, the haemostatic agents left in the cavity, and the difficulties in discerning blood from the tumour remnants and discerning the re-expanded pituitary gland from the tumour tissue [5] . Our experience with iMRI has taught us to use T1 with contrast enhancement and T2 as a post-operative control. At our institution, an early MRI control is performed within 48 h after all transsphenoidal procedures that are not performed in the iMRI. Learning from this objective evaluation of the extent of tumour resection immediately after surgery is extremely important, especially for less experienced surgeons.
Conclusion
Intra-operative MRI is a useful tool during trans-sphenoidal surgery for pituitary adenomas. Using this procedure, good results were achieved in regard to the extent of tumour resection and endocrinologic and visual outcomes, with a low complication rate. Learning from an objective evaluation of the extent of resection immediately after surgery is important, especially for less experienced surgeons, and may improve the results after trans-sphenoidal surgery.
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